A year -long population -weighted study of personal exposures to particulate matter ( PM 2.5 ) was conducted in Toronto while the manganese -containing additive, methylcyclopentadienyl manganese tricarbonyl ( MMT ) , was present in gasoline at an average level of 11.9 mg Mn / l, which was higher than the maximum of 8.3 mg Mn / l allowed in the U.S. In this study, 925 three -day personal samples of PM 2.5 ( air concentration of aerosol with an aerodynamic diameter of less than 2.5 m ) were collected, along with a record of participants' occupations, personal habits, surroundings, and activities during sampling. Stationary samples of PM 2.5 were collected indoors and outdoors at a subset of participants' homes over the same 3 -day periods. Three -day samples of PM 2.5 were also collected at fixed locations. Personal exposures to PM 2.5 were highly influenced by exposure to tobacco smoke, and were poorly correlated with outdoor levels ( Kendall's tau = 0.13 ) . The mean concentration of PM 2.5 in homes ( 21 g / m 3 ) was significantly higher than the mean outdoor level ( 15 g / m 3 ) . By contrast, the mean PM 2.5 Mn concentration ( air concentration of Mn in PM 2.5 ) was higher outdoors ( 9.7 ng / m 3 ) than indoors ( 5.5 ng / m 3 ) . Other than from tobacco smoke, there were no indications of significant indoor sources of PM 2.5 Mn in homes. The most important predictor of exposure to PM 2.5 was time spent in the subway, and a high level ( 428 ng / m 3 ) of PM 2.5 Mn was measured in the subway. The source of this Mn was hypothesized to be friction erosion of subway rails. Small, but statistically significant correlations were present between personal exposures to PM 2.5 Mn and several traffic -related variables ( time spent in transit, in a motor vehicle, near a roadway with traffic, and in a parking garage ) . However, in a stepwise regression that adjusted for weather and personal activities, time in a motor vehicle was the only traffic -related variable significantly associated with PM 2.5 Mn, and it was only the 10th most important personal activity variable in the final model. Concentrations of PM 2.5 Mn were higher at two fixed locations than outside of participants' homes, which were likely further from high traffic areas than the fixed sites. Likewise, outdoor and fixed site samples collected during periods that included weekend days contained lower air concentrations of Mn than samples collected during weekdays when traffic was heavier. On the other hand, the monthly average concentration of Mn in gasoline was negatively correlated with both outdoor and personal PM 2.5 Mn, which suggests that traffic -related sources of Mn other than MMT may be present. After omitting participants with exposure to Mn from certain identifiable non -MMT sources ( subway riders, metal workers and persons exposed to tobacco smoke ) , the average ( median ) personal exposure of the remaining 325 participants to PM 2.5 Mn was reduced from 14 ng / m 3 ( 8.5 ng / m 3 ) to 8.3 ng/m 3 ( 7.0 ng / m 3 ) . Potential sources of this residual Mn exposure include, in addition to MMT, naturally occurring Mn in the earth's crust, other occupational exposure, airborne release of Mn from industrial operations, and friction erosion of Mn from steel -containing products. Taken together, these facts ( elimination of participants with Mn exposure from known non -MMT sources reduced average exposures by 40%, the existence of multiple non -MMT sources of the remaining Mn exposure, and the negative correlation between MMT usage and PM 2.5 Mn ) suggest that the preponderance of personal Mn exposure was from non -MMT sources.
Introduction
Methylcyclopentadienyl manganese tricarbonyl ( MMT ) is a manganese -containing compound produced by Ethyl Corporation ( Richmond, Virginia ) to raise the octane rating of gasoline. MMT was used in leaded gasoline in the U.S. from 1976 until leaded gasoline was phased out in 1995. It was also used in unleaded gasoline from 1976 until the adoption of the 1977 Amendments to the Clean Air Act, and for a short period in 1979 while crude oil was in short supply. Use of MMT in unleaded gasoline was temporarily discontinued because of a provision in the 1977 Amendments that required manufacturers to demonstrate that use of an additive would not harm a vehicle's emission control equipment. In 1995, a Federal court ruled that MMT satisfied this requirement, and MMT was approved for use in unleaded gasoline.
Although manganese (Mn ) is an essential nutrient, exposure to high levels of Mn in air ( greater than 5 mg / m 3 ) or water may produce a clinical condition known as manganism, which is characterized by tremor and other clinical symptoms that bear a resemblance to Parkinson's disease, and which in the most severe cases can be fatal (Kawamura et al., 1941; Huang et al., 1989) . Occupational exposure to airborne levels of Mn greater than 0.2 mg / m 3 has been associated with subclinical deficit performance on tests of neurological function, including tests that measure short -term memory capacity, eye ±hand coordination, hand steadiness, and reaction time (Roels et al., 1987a (Roels et al., ,b, 1992 Iregren, 1990; Mergler et al., 1994; Lucchini et al., 1995 Lucchini et al., , 1997 Hochberg et al., 1996; Crump and Rousseau, 1999 ) .
EPA conducted a risk assessment ( Davis et al., 1988; EPA, 1994) to evaluate the possibility that exposure to Mn from MMT could pose a health risk. In this assessment, EPA used data from the PTEAMS exposure study conducted in Riverside, California ( Pellizzari et al., 1992 ) to estimate Mn exposures that would occur from widespread use of MMT in gasoline at the maximum level allowed in the U.S. ( 8.3 mg Mn /l) . In the PTEAMS study, personal exposures to PM 10 ( particles with aerodynamic diameters less than 10 m ) were measured over two consecutive 12 -h periods in 178 subjects, and concurrent PM 2.5 and PM 10 samples were collected from indoor and outdoor monitors at each participant's home. During the time the study was conducted, only leaded gasoline contained MMT, and it was estimated that only 13% of the gasoline sold during this period was leaded. The study was not designed to estimate exposures to Mn from MMT, and EPA was required to make a number of adjustments to the data to estimate personal exposures to PM 4 Mn (using data from PM 10 personal samples and PM 2.5 and PM 10 indoor samples ) under the assumption that all of the gasoline sold would contain the maximum allowable amount of Mn.
More recently, an exposure assessment has been conducted in Toronto that employed a population -weighted stratified sampling design involving 925 personal 3 -day samples of PM 2.5 , and which had the explicit goal of evaluating airborne exposures to Mn in a population where MMT was widely used as a gasoline additive (Pellizzari et al., 1998 (Pellizzari et al., , 1999 Clayton et al., 1999 ) . MMT has been used as a gasoline additive in Canada for nearly 20 years. Samples of gasoline from Toronto service stations indicated that Mn levels in gasoline during the period of air sampling averaged 11.9 mg /l, which is higher than the maximum level of 8.3 mg Mn / l approved for U.S. gasoline. The present paper uses the data from this study to evaluate the relative importance of different sources of airborne Mn exposure and, in particular, to assess the potential contribution of Mn from MMT to that exposure.
In addition to MMT, there are numerous other sources of airborne exposure to Mn. Mn is an ingredient of finished steel and may be released into the environment by friction erosion from steel -containing products, such as railway tracks and brake pads. Production of steel and other products containing Mn may result in the release of Mn into the atmosphere. Occupational exposure to Mn may occur in the production of Mn oxide and Mncontaining alloys, dry cell battery manufacture, welding, and general metal working. Tobacco smoke contains Mn.
Mn is also naturally present in windblown dust, as Mn is the 11th most abundant element and is widely distributed in the earth's crust.
The Toronto Mn exposure study
Metropolitan Toronto was selected for the study because of 1 ) the prevalence of MMT in gasoline; 2 ) its large population size; 3 ) its wide range of traffic conditions; 4 ) the existence of substantial ambient Mn data and some personal exposure Mn data; and 5 ) its similarity to U.S. cities with regard to traffic, meteorology and population. Eighty -five to 90% of tailpipe emissions of Mn is on particles less than 2.5 m in diameter ( PM 2.5 ) and no Mn has been identified in the vapor phase of vehicle exhaust (Lawrence Livermore National Laboratory, 1997 ) . Consequently, because the purpose of the study was to investigate personal exposure to Mn from MMT usage, most of the personal samples collected were of PM 2.5 . PM 2.5 was collected on a regular basis between September 1995 and August 1996 from personal samplers that operated over a 3 -day period. Indoor and outdoor samples of both PM 2.5 and PM 10 were collected at a subset of participant homes during the same 3 -day sampling period. In addition, 3-day PM 2.5 and PM 10 samples were collected throughout the sampling period at fixed locations on the same days that personal sampling was being conducted.
All participants in the study were at least 16 years of age, and each completed a questionnaire regarding their work environment, their personal habits and characteristics of their home. Each participant also kept a time and activity log covering the period that sampling was conducted. Participants were selected using a stratified three -stage population -weighted sampling scheme designed to estimate personal exposures of residents of metropolitan Toronto, where more than 1.8 million persons over the age of 16 lived. Persons who reported traveling more than 2 h /day were over-sampled in order to better define the upper tail of the distribution of Mn exposure from MMT. A total of 925 personal samples of PM 2.5 were collected. Some participants (190 ) were sampled on two different occasions in different months, so that the 925 personal samples came from a total of 735 individuals. Each time and activity question resulted in a usable response in at least 915 personal sampling events.
The total mass and the total amounts of Mn and other metals were determined for each sample. This information was combined with the amount of air sampled to obtain a measurement of the air concentrations of ( total ) PM 2.5 and PM 2.5 Mn.
A more complete description of the experimental design, including information on quality assurance /quality control, was provided by Pellizzari et al. ( 1998 Pellizzari et al. ( , 1999 .
In addition, Pellizzari et al. provided distributions for indoor, outdoor, and personal concentrations of PM 2.5 , and PM 2.5 Mn, and examined the correlations among concentrations measured in personal, indoor, outdoor and various sites. The correlation between log air concentrations of PM 2.5 in personal and indoor samples was found to be high ( 0.79) , whereas the corresponding correlation between personal and various outdoor measurements ( e.g., residential and various fixed sites ) was low ( 0.19± 0.27 In the present study, additional regression and correlation analyses were conducted using the data from the Toronto study, in order to further elucidate the potential contribution of MMT to personal exposures to Mn. These analyses involve personal samples, residential samples and fixed site samples. Although the personal samples were selected according to a populationweighted stratified sampling design, these weights do not apply to residential or fixed site samples. All results presented in tabular form are from unweighted analyses. Selected analyses of personal samples were repeated using a weighted approach, and similar results were obtained. Not using the weights resulted in 925 samples being included in the unweighted analyses, whereas 922 samples were included in the weighted analyses conducted by Pellizzari et Although mutual correlations between outdoor, indoor, and personal samples were all statistically significant [using Kendall's tau (SAS, 1990 ) as a nonparametric measure of correlation ] for both PM 2.5 and PM 2.5 Mn (Table 2 ) , these correlations were generally low. The correlation between personal and outdoor exposures to PM 2.5 was 0.13. The highest correlations occurred between personal and indoor samples (0.61 for PM 2.5 and 0.42 for PM 2.5 Mn ), which is consistent with people spending a relatively large percentage of time indoors at home.
The correlations between concentrations of PM 2.5 and PM 2.5 Mn were significant in indoor samples (tau = 0.34, p <0.001 ), outdoor samples (tau =0.42, p< 0.001 ), and personal samples (tau =0.24, p <0.001 ). Eliminating homes with tobacco smoke increased the correlation between PM 2.5 and PM 2.5 Mn in indoor samples ( tau = 0.46) .
Personal Exposures in Various Subgroups
In order to better determine the potential contribution of Mn from MMT to personal Mn exposures, several subgroups were identified who had Mn exposures from particular non -MMT sources. The Mn exposures of these groups are presented in Table 3 . Since Mn is a constituent of cigarette smoke ( USDHEW, 1979 ), persons exposed to cigarette smoke are expected to have somewhat higher exposures to Mn. Table 3 shows that smokers had significantly higher personal exposures to PM 2.5 Mn ( 9.2 ng /m 3 , median) than nonsmokers (8.3 ng / m 3 , median) , and persons exposed to environmental tobacco smoke only (defined as a nonsmoker who spent time with a smoker indoors or in a vehicle) had significantly higher personal exposures (9.0 ng/ m 3 , median) than persons not exposed to tobacco smoke ( 7.7 ng/m 3 , median) . As expected, smokers had much larger exposures to PM 2.5 (43 g/m 3 , median ) than nonsmokers (17 g/ m 3 , median ). A small subgroup of participants ( N =39 ) was defined who had potential exposure to Mn through metal working ( defined as participants who reported on the study questionnaire having contact with welding or solder/ flux fumes at work, or who reported being engaged in metal working, welding or soldering on the day their exposure was sampled ) . This group of``metal workers'' was exposed to a median level of 12 ng /m 3 PM 2.5 Mn, whereas the median exposure in other subjects was 8.4 ng /m 3 (p = 0.002, Table  3 ). The mean Mn exposure of the metal workers was 105 ng /m 3 , compared to a mean level of 10 ng /m 3 in other subjects, which indicates that some of the metal workers had very high exposures. In fact, 6 of the 11 largest of the 925 personal samples of PM 2.5 Mn came from this group, including the highest sample of 2573 ng /m 3 . During the collection and analysis of the data, it was discovered that subjects who rode the Toronto subway had significantly elevated exposures to PM 2.5 Mn ( 12 ng/m 3 , median ) compared to those who did not ride the subway (7.7 ng/m 3 , median ) (Table 3 ) . Since subway riders rode the subway for an average of only 28 min /day, this suggested that high exposures to Mn occurred in the Toronto subway. This was confirmed by collecting 8 -h air samples in six Toronto subway stations (Pellizzari et al., 1998 ) . The mean level of PM 2.5 Mn in these samples was 428 ng /m 3 , compared to a mean level of 9.7 ng /m 3 in outdoor samples. The mean weight concentration of Mn in PM 2.5 from subway samples (2700 ppm ) was also elevated compared to outdoor samples (710 ppm ) .
Based on these analyses, two subgroups were selected who appeared to have less exposure to Mn from identifiable non -MMT sources ( Table 3 ) . The first subgroup (N = 689 ), consisting of subjects who were not subway riders or metal workers, had a median Mn exposure of 7.7 ng /m 3 . The second subgroup (N = 325 ) was formed by also eliminating persons exposed to tobacco smoke, and had a median Mn exposure of 7.0 ng /m 3 .
Correlation of Personal Exposures with Individual Time and Activity Variables
In order to determine which personal activities were most correlated with Mn exposure, time spent in various activities during the sampling period was correlated with personal exposure to PM 2.5 and to PM 2.5 Mn ( Table 4 ) . Exposure to Table 4 ). Other variables for which the correlation with PM 2.5 Mn was greater than 0.15 in absolute value were time in transit (tau =0.22 ), time spent inside at home (tau = À 0.20 ), total time spent indoors (tau= À 0.20 ) and time using forced air central heat (tau= À 0.15 ). PM 2.5 Mn was also significantly ( p<0.05) positively correlated with several other traffic -related variables (time in a motor vehicle, time near a roadway with traffic, and time in a parking garage ) , although these correlations were smaller in magnitude (tau =0.07 to 0.12 ).
When subway riders, metal workers and persons exposed to tobacco smoke were removed, no time and activity variable had a correlation with PM 2.5 of 0.15 or greater. Correlations between PM 2.5 Mn and time and activity variables were less affected, and PM 2.5 Mn remained significantly positively correlated ( p <0.05 ) with three traffic -related variables: time in transit, time in a motor *P-value is less than or equal to 0.05. **P-value is less than or equal to 0.01. ***P-value is less than or equal to 0.001. Tables 3  and 4 were obtained using an analysis that took into account the population weights. Similarly, eliminating the second sample of the 190 persons who were sampled twice had very little impact on the results of Table 4 .
Influence of Weather on Outdoor Concentrations of PM 2.5 and PM 2.5 Mn Weather data recorded at the time of sample collection included information on barometric pressure, relative humidity, temperature and wind speed. Six weather-related variables were used as explanatory variables in a regression analysis of concentrations in outdoor samples: average barometric pressure, average relative humidity, cold temperature (percentage of time temperature was below 48C), hot temperature ( percentage of time temperature was above 258C ), moderate wind ( percentage of time wind speed was above 10 km /h ) and high wind (percentage of time wind speed was above 30 km /h ). Although both log -transformed and untransformed concentrations of PM 2.5 and PM 2.5 Mn were modeled, results were similar and only analyses of untransformed concentrations are presented here (Table 5 ). Outliers ( samples for which the absolute value of the residual was more than three times the standard deviation of all residuals ) were omitted from the final models. Weather variables were highly significant predictors of PM 2.5 (R 2 = 0.40, p= 0.0001 ), and all six weather variables were significant ( p< 0.05) , with the most important being moderate wind. Weather variables were also significant predictors of PM 2.5 Mn ( R 2 =0.17, p =0.0001 ) , with cold temperature ( p =0.002 ) and moderate wind (p = 0.0001 ) being significant.
Multiple Regression of Personal Exposure on Time and Activity Variables
Stepwise regressions [based on the``stepwise'' procedure in SAS (1990 ) ] of the log -transform of personal exposures PM 2.5 and PM 2.5 Mn were conducted using items from the time ±activity log listed in Table 4 as explanatory variables. At each step in the stepwise procedure, the most significant variable not presently in the model was added, and then variables that had become nonsignificant were removed. This process continued until no remaining variables were significant at the 0.15 level. To account for the effect of weather, the six weather variables described above were used as explanatory variables in a first -stage fit. Outliers were eliminated from the analysis based on the results of this fit, and the weather variables were then refit with the outliers eliminated. The stepwise regression was then applied to the residuals from this analysis. Results from the final models obtained using the stepwise approach are presented in Tables 6 and 7 . The time and activity variables were significantly associated with both PM 2.5 (R 2 =0.44) and PM 2.5 Mn (R 2 = 0.31) . The most important predictors of personal exposure to PM 2.5 were variables associated with tobacco exposure (Table 6 ) . Four of 15 explanatory variables obtained from the stepwise process were smoking variables. The three most highly significant variables were number of days with tobacco burning in the home ( p= 0.0001 ), number of cigarettes smoked (p = 0.0001 ) , and time saw /smelled smoke or fumes indoors ( p= 0.0002 ). PM 2.5 was negatively associated with several variables related to indoor air quality, including time with window AC recirculated air, time with forced -air central heat, and time with electrostatic precipitator. PM 2.5 was positively associated with time spent in woodworking, time near a roadway with traffic, time in a subway, and time spent dusting.
Time spent in the subway was the most important predictor of personal exposure to PM 2.5 Mn ( p= 0.0001, Table 7 ). The second most important was total time spent indoors at home. Also highly significant were days with tobacco burning in home, and time saw or smelled smoke or fumes. One traffic -related variable was a significant predictor of PM 2.5 Mn: time in a motor vehicle (p = 0.006 ) . However, this variable was only the 10th most important predictor.
An additional stepwise regression analysis was conducted that used the logarithm of the personal concentrations PM 2.5 Mn as the dependent variable and time and (SAS, 1990) applied to the difference between the average level in outdoor samples during a 3-day period and the fixed site sample collected during the same 3-day period. Samples from 3-day periods for which there were not both an outdoor and a fixed site sample were omitted, leaving 60 paired samples for the comparison of outdoor to roof and 52 for comparison of outdoor to fixed site #2. Jonckheere (1954) nonparametric trend test for a trend in concentrations with increasing number of weekend days. *P-value is less than or equal to 0.05. **P-value is less than or equal to 0.01. ***P-value is less than or equal to 0.001. activity variables, weather variables, and outdoor and fixed site concentrations as explanatory variables. This analysis was restricted to the personal samples for which a matched outdoor sample was available. The most significant explanatory variables were, in order of importance ( F value ), time in subway, outdoor PM 2.5 Mn concentration, time in enclosed workshop, and number of cigarettes smoked (p <0.001 in all cases ) . The only traffic-related variable to enter the analysis was time near roadway with traffic ( p= 0.04 ) and it was only the 12th most important of the 15 time and activity variables to enter the analysis.
Association Between Concentrations in Outdoor and Fixed Site Samples
During the period in which personal samples were being collected, 3 -day PM 2.5 samples were also collected from a ground level monitor located 75 yards and generally upwind from the nearest street (fixed site #2) , and from a fixed sampler on the roof of a four-story building located 25 yards downwind of a major east ± west freeway ( roof site ).
( Results from a third monitoring site, fixed site #1, that operated only during the first 6 weeks of the study were not included in the present analysis, since only 13 samples were available from that site. ) Ninety -eight percent of personal samples had a matching roof site sample available for the same 3 -day period, and 84% had a matching fixed site #2 sample. Assuming that participants' homes were generally located further from major traffic sources than either of these fixed monitors, the impact of traffic upon Mn air levels can be studied by comparing Mn concentrations at these fixed sites to those at participants' homes. Both PM 2.5 Mn and the weight fraction of Mn in PM 2.5 were compared between outdoor samples and samples collected at the two fixed sites (Table 8) . PM 2.5 Mn was significantly higher (p < 0.0001, based on an analysis that only compared samples collected on the same day ) at both fixed site #2 (median =15.9 ng /m 3 ) and the roof site ( median =10.9 ng / m 3 ) , than in outdoor samples (median =8.6 ng /m 3 ). A similar result was obtained for the Mn weight ratio. PM 2.5 levels were significantly higher at fixed site #2 than in outdoor samples ( p= 0.004 ), but there was no difference between PM 2.5 from the roof site and outdoor samples.
Association of Outdoor PM 2.5 Mn Concentrations with Weekly Traffic Pattern
To test whether Mn air levels were associated with traffic density, weekly patterns of traffic density were compared to the corresponding timing of outdoor and fixed site samples. Traffic data collected at 39 different Toronto locations during the period of air sampling were summarized by the average number of vehicles counted, weighted by the number of days counts were made ( Table 9 ) . Traffic density increased steadily from Sunday through Friday, and was 30% higher on Friday than Sunday. Traffic density was lower on Saturdays than on any weekday, but was 9% higher than on Sundays.
The 3 -day samples of PM 2.5 collected from outdoor and fixed site locations were categorized according to the number of weekend days or holidays sampled. Progressively lower median outdoor concentrations of PM 2.5 Mn ( p= 0.007 ) were observed in samples that covered no weekend days (9.2 ng /m 3 ) , one weekend day ( 8.2 ng / m 3 ) , and two weekend days (7.8 ng /m 3 ). Similar significant trends ( p< 0.001 ) were present in concentrations of PM 2.5 Mn in samples from the two fixed sites. Marginally significant trends in the same direction were present in concentrations of PM 2.5 from the two fixed sites. No significant trends were seen in the weight concentration of Mn in PM 2.5 samples, nor in the concentrations of PM 2.5 in outdoor samples.
Association of Outdoor PM 2.5 Mn Concentrations with MMT in Gasoline
Throughout the sampling period, gasoline samples were collected from a representative set of service stations in the Toronto area and analyzed to determine Mn content. Data from these gasoline samples were combined with gasoline sales data to obtain monthly sales -weighted average Mn concentrations in gasoline sold in the Toronto metropolitan area (Pellizzari et al., 1998 ) . The Mn gasoline concentration averaged 11.9 mg / l during the 12-month period (Sept. 95 ±Aug. 96) that personal PM 2.5 air samples were collected, and was higher in each of the 12 months than the maximum level allowable in gasoline sold in the U.S. ( 8.3 mg / l). The Mn concentration in Toronto gasoline generally increased with time during the study period ( Figure 1) . However, air concentrations of Mn from fixed site, outdoor and personal samples do not appear to show the same increase, and no clear seasonal patterns are present. The lack of a correlation between Mn in gasoline and PM 2.5 Mn suggested by Figure 1 was verified by Pellizzari et al. ( 1998 ) , who found non -significant negative correlations between monthly Mn concentrations in gasoline and monthly medians of six sets of PM 2.5 Mn samples: fixed site #2, rooftop, outdoor, personal, and two subsets of personal samples.
Discussion
Variables indicative of exposure to tobacco smoke were most highly associated with personal PM 2.5 ( Tables 4 and   6 ). Persons exposed to tobacco smoke had personal PM 2.5 levels twice as high as persons not so exposed. Whereas outdoor levels of PM 2.5 were poorly associated with both levels in the home (tau =0.18 ) and personal exposures (tau =0.13 ), personal exposures and levels in the home were much more highly correlated ( tau = 0.61) ( Table 2 ) . Thus, personal exposures to PM 2.5 were governed mainly by the indoor environment, and were not strongly related to ambient outdoor levels of PM 2.5 .
Regarding personal PM 2.5 Mn exposures, the data strongly indicate that particularly high exposures occurred in the Toronto subway. The source of this Mn is not known with certainty, but it is hypothesized that it resulted from erosion of Mn from subway rails, as high speed rails contain as much as 14% Mn ( American Metal Market, 1991 ) . A group of 39 participants (4% ) who were potentially exposed to Mn through metal working had an average Mn exposure of 105 ng/m 3 , which was 10 times higher than that of the remainder of the participants. It is possible that there were other participants with significant occupational exposure who were not part of this group. Mn is a component of tobacco smoke, and there was evidence that exposure to tobacco smoke was associated with a moderate increase in Mn exposure (Tables 3, 4 , and 7 ).
Other than from tobacco smoke, there were no indications of significant indoor sources of Mn in homes. Whereas PM 2.5 levels were higher indoors than outdoors, PM 2.5 Mn levels were only about one -half as large indoors as outdoors (Table 1) . Indoor and outdoor PM 2.5 Mn concentrations were significantly correlated ( tau = 0.33) , which suggests that outdoor levels contribute importantly to indoor levels. Although personal samples were more highly correlated with indoor samples (tau = 0.42 ) than outdoor samples (tau =0.33 ), this is probably due to the fact that most persons spend more time indoors at home than outdoors. Personal exposures to PM 2.5 Mn tended to be positively correlated with time and activity variables associated with time spent outdoors and negatively associated with variables reflecting time spent indoors (Table 4 ) .
Data from several sources were used to evaluate the relationship between traffic and personal exposure to PM 2.5 Mn. Personal PM 2.5 Mn showed small but statistically significant correlations with several traffic variables including time in transit, time in a motor vehicle, time near a roadway with traffic, and time in a parking garage (Table  4 ) . However, in a stepwise multiple regression analysis (Table 7 ) , time in a motor vehicle was the only trafficrelated variable entering the analysis and it was only the 10th most significant time and activity variable. Samples of PM 2.5 collected at two fixed locations had a higher Mn air concentration and a higher weight ratio of Mn than samples collected on the same days outdoors at participants' homes, which were likely further from high traffic areas than the fixed sites ( Table 8) . Likewise, outdoor and fixed site samples collected during periods that included weekend days contained lower air concentrations of Mn than samples collected during weekdays when traffic was heavier (Table  10 ) . On the other hand, the amount of MMT in gasoline, which is a more specific measure of Mn exposure from MMT than general traffic -related variables, was negatively correlated with both outdoor and personal Mn exposures ( Figure 1 ) .
The fact that Mn levels were associated with some general traffic-related variables, but not with MMT gasoline concentrations, suggests that there may be trafficrelated sources of Mn unrelated to current MMT usage. One potential such source is entrainment of Mn -containing dust by traffic -generated air movement. Such Mn could be naturally occurring, or some of it could have come from MMT. Another potential non -MMT traffic source of Mn is the erosion of Mn from metal in moving parts of vehicles ( e.g., from brake pads and rotors ).
The mean personal exposure to PM 2.5 Mn was 14 ng/ m 3 and the median was 8.5 ng /m 3 . After eliminating persons with identifiable non -MMT exposure to Mn (in the subway, in metal working, and through tobacco smoke ), the average Mn exposure was reduced to 8.3 ng /m 3 (40% ), and the median to 7.0 ng /m 3 . The potential sources of this remaining Mn include, in addition to MMT, naturally occurring Mn in the earth's crust, other occupational exposures, airborne release of Mn from industrial operations, and friction erosion of Mn from steel -containing products. The relative contribution from these sources is difficult to assess based on the data at hand. However, the fact that 1 ) 40% of Mn exposure was from identifiable known non -MMT sources, 2 ) there existed multiple non -MMT sources for the remaining Mn in air, including trafficrelated sources, and 3 ) Mn concentrations in both personal samples and fixed site samples were negatively correlated with MMT in gasoline, suggests that the preponderance of personal Mn exposure in Toronto was from non -MMT sources.
A similar conclusion was reached by Health Canada ( Wood and Egyed, 1994 ) for ambient levels of Mn based on a comparison of ambient Mn levels in Canadian cities with yearly sales of MMT in Canada. Health Canada noted that`l evels of respirable manganese in major Canadian urban centres have remained constant or decreased from 1986 to 1992, and do not reflect major changes in MMT use during that time, suggesting that MMT does not contribute substantially to ambient urban [respirable ] manganese concentrations.''
The contributions of MMT to ambient PM 2.5 levels can also be informed by comparing levels of PM 2.5 and PM 2.5 Mn in Riverside, California ( Pellizzari et al., 1992 ) with those in Toronto. The average weight concentration of Mn in PM 2.5 outdoor samples was only twice as high in Toronto ( 710 ppm ) as in Riverside ( 350 ppm ), and the average outdoor air concentration of PM 2.5 Mn was lower in Toronto (9.7 ng /m 3 ) than in Riverside ( 11 ng /m 3 ), whereas the average level of MMT in gasoline was estimated to be seven times higher in Toronto than in Riverside. [ Leaded gasoline contained an average of 12.7 mg / l Mn and constituted 13.6% of gasoline sold in the Riverside area ( EPA, 1994 ) , whereas Toronto gasoline contained an average of 11.9 mg /l Mn. ] Wallace and Slonecker ( 1997 ) noted that between 1986 and 1993, concentrations of PM 2.5 Mn at fixed monitoring sites in Canadian cities ranged from 7 to 20 ng /m 3 . Ambient concentrations in the present study were consistent with this range, as they averaged 17.1 ng/m 3 at fixed site #2, 11.4 ng/ m 3 at the roof site, and 9.7 ng/m 3 at outdoor residential sites. Wallace and Slonecker also estimated the background concentration of PM 2.5 Mn from windblown soil to be about 1 ± 2 ng/ m 3 . Combining this estimate with the range in Canadian cities, they estimated that, if MMT is added to gasoline in the U.S. at half the amount used in Canada and achieves comparable market penetration, then annual PM 2.5 Mn means in U.S. cities with similar meteorological and traffic conditions as Canadian cities would be expected to range between 5 and 10 ng/ m 3 . The estimated background concentration was based on air samples collected in mostly rural areas, including U.S. national parks. Background levels in urban areas are likely to be higher due to the suspension of dust particles from increased human activity and to anthropogenic sources of Mn in cities. If a higher background level was found to be more appropriate for U.S. cities, Wallace and Slonecker's estimate would be higher, and the estimated fractional MMT contribution would be smaller. However, it must be remembered that Mn levels measured at central monitors may not be good predictors of personal exposures (Pellizzari et al., 1999 ) .
